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ence the generation of pain states, but pain states can somes and glial engulfment may represent a wide-
spread mechanism of synapse elimination.change AMPA receptor composition. Alterations in the
levels of GluR1/A and GluR2/B subunits have been re-
ported in chronic pain models as well as altered levels A common feature of nervous system development is
of the interacting proteins thought to be involved in the the generation of a surplus of nerve cells as well as
trafficking and delivery of the GluR subunits (Garry and their connections. Subsequently, these excess cells and
Fleetwood-Walker, 2004). In addition, synaptic AMPAR synaptic connections are removed in a carefully regu-
function is dynamically regulated via phosphorylation of lated fashion to generate the mature functional circuitry
existing receptors and by activity-dependent delivery of the nervous system. Much of our knowledge about
of synaptic AMPA receptors (Bredt and Nicoll, 2003). the elimination of synaptic connections comes from the
Indeed, this modification of AMPA receptor function and vertebrate neuromuscular junction (NMJ), which is rela-
composition can result from synaptic activity mediated tively simple and highly accessible for direct observation
by the AMPA receptors themselves (Liu and Cull- in vivo (Lichtman and Colman, 2000). When motor neu-
Candy, 2000). rons first extend axons to their target muscles, each
Clearly, the role of AMPA receptors in synaptic plastic- neuron connects to a far larger number of muscle fibers
ity and the development of central sensitization in the than in adulthood. Due to extensive overlap of this sur-
spinal cord dorsal horn is complex. This paper demon- plus innervation, each muscle fiber receives inputs from
strates, however, that it may be possible to selectively multiple axons. Even at the same synaptic site on a
target AMPAR involvement in chronic pain states with- muscle fiber, multiple axons compete for a foothold.
out altering the normal processing of acute nocicep- Then, during the early postnatal period, all but one of
tive input. the inputs are eliminated such that each fiber is inner-
vated by a single axon. Elimination of inputs is not due
to motor neuron death but rather due to pruning of
Carole Torsney and Amy B. MacDermott axonal branches, such that a motor neuron loses some
Department of Physiology synaptic connections while maintaining others.
and Cellular Biophysics and Two competing hypotheses were advanced to explain
The Center for Neurobiology and Behavior the mechanism of axonal withdrawal (Figure 1). One was
Columbia University that axonal branches underwent degeneration similar
630 West 168th Street to the Wallerian degeneration observed in distal nerve
New York, New York 10032 stumps after nerve injury (Figure 1B). Features of de-
generation such as fragmentation of the axon branch,
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presence of “retraction bulbs,” large vesicle-rich struc-Kuner, R. (2004). Neuron 44, this issue, 637–650.
tures at the ends of thin axonal branches, and the ab-Liu, S.Q., and Cull-Candy, S.G. (2000). Nature 405, 454–458.
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In a beautiful study in this issue of Neuron, Bishop et
al. (2004) propose a new concept that combines some
features of the above two models and provides freshPruning an Axon Piece by Piece:
insight into the mechanisms of synapse elimination. InA New Mode of Synapse
a superb example of using new tools to illuminate long-
Elimination standing questions, the authors performed time-lapse
imaging of fluorescent axons in transgenic mice during
synapse elimination, complemented with serial electron
microscopy, to study axon withdrawal with high tempo-
ral and spatial resolution. The double-transgenic miceThe process by which excess axons are pruned during
development has remained unclear. In this issue of that they used express YFP in all motor axons and CFP
in a subset; therefore, synaptic sites undergoing inputNeuron, Bishop et al. use time-lapse imaging and serial
electron microscopy of developing neuromuscular elimination (those occupied by both a YFP and a CFP
axon) could readily be identified. When observing “los-junctions to describe a novel cellular mechanism in
which retracting axon branches shed fragments rich ing” axons as they withdrew from the doubly innervated
synaptic sites, the authors noticed that fluorescent rem-in normal synaptic organelles. These “axosomes” are
engulfed by adjacent Schwann cells and may be as- nants of axons were sometimes left behind (Figures 1D–
1F). They named these membrane bound structures “ax-similated into the glial cytoplasm. Shedding of axo-
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osomes.” In some cases, strings of these axosomes
were visible along the prior path of the withdrawing
axon. Clearly, this phenomenon was distinct from simple
retraction. Moreover, electron micrographs showed
sparse or absent microtubules—the main tract for fast
axonal transport—in the retracting axon branch, arguing
against resorption into the parent axon.
Importantly, the shedding of axonal fragments was
not due to Wallerian-type degeneration. Both the axo-
somes and the parent retraction bulbs showed contents
characteristic of normal nerve terminals, including clear
40 nm vesicles and intact mitochondria, without signs
of degeneration. These findings raised the possibility
that a novel mechanism, “axosome shedding,” was at
work. One of the striking features of this process is the
apparent active involvement of glial cells. In electron
micrographs, the retraction bulb was covered by a
Schwann cell, and axosomes were wholly contained
within Schwann cell cytoplasm, with Schwann cell pro-
cesses intercalating between axosomes. Although
Schwann cells were not imaged in the time-lapse experi-
ments, the dynamic shape changes of retraction bulbs Figure 1. Three Models of Axon Loss during Synapse Elimination
and breaking off of axosomes was suggestive of active at the Developing Mammalian Neuromuscular Junction
engulfment by surrounding Schwann cell processes. Fi- (A) Two axon branches (blue and red) surrounded by Schwann cells
(green) innervate the same synaptic site on a muscle fiber. Proposednally, there was some evidence that the axosome con-
mechanisms for removal of one input (red) include (B) Wallerian-tents mixed with the Schwann cell cytoplasm.
type degeneration, characterized by degenerative changes (grayIf, as the authors suspect, axosome shedding truly
shading) including high cytoplasmic density, vesicle clumps, dis-represents a distinct cellular mechanism, does it ac-
rupted mitochondria, and whole-sale fragmentation of the axon
count for much (or all) of the extensive retraction seen branch; and (C) retraction, in which the entire branch is absorbed
at developing NMJs? This study did not look compre- proximally into the parent axon (red arrows in [C]–[E] indicate the
hensively at the incidence of axosome shedding; how- direction of axon withdrawal). Bishop et al. now describe a novel
mechanism, axosome shedding (D–F), in which axons, as they with-ever, it does appear to be a prevalent process based
draw, shed fragments rich in normal synaptic organelles (the boxedon the current results. It occurs not only at the tips of
area in [E] is enlarged in [F]). These axosomes are engulfed byaxonal branches undergoing withdrawal but also within
neighboring Schwann cells and may be assimilated into the
individual synaptic sites when previously intermingled Schwann cell cytoplasm. (G) Removal of the competing input leads
inputs are segregating into separate domains (Gan and to innervation by a single nerve terminal, which typically expands
Lichtman, 1998). Combining confocal imaging with serial to cover the full synaptic site. (Figure prepared by Zhihua Feng and
adapted from Bishop et al., 2004.)electron microscopy of identified nerve terminals—a
technical tour de force—the authors show that “losing”
nerve terminal processes that are being displaced within
cell-autonomous process, like Wallerian degeneration,multiply innervated synapses shed axosomes, which are
with Schwann cells simply clearing the fragments afterencased within glia, presumably terminal Schwann cells.
they have formed? Or, are Schwann cells active media-Based on estimates from the time-lapse imaging, axo-
tors in the process, extending processes that help formsome shedding could account for the majority of the
and partition the budding axon fragments before en-loss of axon branch volume in some cases of withdrawal.
gulfing them? Recent studies suggest that SchwannMoreover, density of vesicles in retracting axons was
cells play an essential role in the maintenance of nervesignificantly lower farther from the NMJ compared to
terminals at the developing synapse (Koirala et al., 2003).close by, suggesting that large numbers of vesicles were
However, whether Schwann cells are required for syn-progressively removed by axosome shedding as the
apse elimination is not known. One potentially instruc-axon retreated farther from the original synaptic site.
tive experiment in line with the minimally invasive ap-Nevertheless, it should be noted that not all withdrawing
proach of the present study would be to image axonalaxons shed axosomes, but rather displayed simple re-
as well as Schwann cell dynamics during synapse elimi-traction without fragmentation. Alternatively, all axonal
nation in transgenic mice expressing fluorescent report-pruning may involve shedding of axosomes, but the
ers in both axons and Schwann cells (Kang et al., 2003).paucity of observations may reflect a fast process of
Recent work in an invertebrate system suggests an ac-axonal shedding. Therefore, the contribution of axo-
tive role for glial cells in the pruning of axons. In thesome shedding to overall levels of axon pruning and
mushroom bodies of the Drosophila brain, glial cellssynapse elimination remains to be determined.
selectively increased around axon lobes destined forThe putative role of Schwann cells in the formation
axon pruning prior to any visible signs of axon fragmen-and assimilation of axosomes is perhaps the most intri-
tation (Watts et al., 2004). Moreover, genetic inactivationguing but tentative portion of this study. While it is clear
of glial migration to the axon lobes dramatically reducedthat axosomes end up inside Schwann cells, it is un-
axon fragmentation and pruning (Awasaki and Ito, 2004).known whether they are passive or active participants
in the process. In other words, is axosome shedding a An important caveat, however, is that axosome shed-
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see the prevalence of such structures in regions with
active synapse elimination during development. In an-
other intriguing study, Iino et al. (2001) observed multiple
innervation at the climbing fiber-Purkinje cell synapse
in the adult (around 3 weeks) cerebellum, a connection
that is normally singly innervated, when glial en-
sheathment of the synapse was caused to retract.
Whether the initial generation of single innervation at
this synapse during development involves axosome
shedding and engulfment by Bergmann glia is an open
question. Another fascinating question raised by Bishop
et al. is whether axosome shedding and glial engulfment
could serve additional functions, such as neuron-glial
signaling. In the present study, the fate of the axosomes
in the Schwann cells is far from clear. Although Schwann
cell nuclei and cytoplasm appear to take up axosomal
fluorescence in some cases, the evidence is too prelimi-
nary to draw strong conclusions. More definitive ap-
proaches to track the fate of axosomes after various
time periods might demonstrate whether they are merely
degraded or incorporated in some way into the glial
cytoplasm. This paper also raises the interesting ques-
tion of whether axons destined for elimination signal to
adjacent Schwann cells or whether Schwann cells play
a more instructive role mediated by the release of de-
structive factors and/or the absence of trophic factors
in influencing which axon stays and which goes. It is
also possible that more complex reciprocal interactions
are involved. Given the wide range of fundamental ques-
tions it evokes, the present study is likely to inspire
further study of neuron-glial interactions in axon pruning
in both the central and peripheral nervous systems.
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